As for other organisms, proteins to be secreted in Streptomyces are produced as preproteins consisting of the mature protein preceded by a N-terminal signal peptide which is cleaved off during membrane translocation. Although primary sequences are seldom conserved among signal peptides, they all have a typical tripartite structure: a basic amino-terminus, a central apolar core and a carboxy-terminal region containing the signal peptidase recognition site. In vitro mutagenesis studies have been carried out on various signal peptides to analyse the structure^function relationship of each of the three regions of Streptomyces signal peptides. In the current paper the present knowledge of Streptomyces leader sequences and the impact of introduced mutations on transcription, translation and secretion of homologous and heterologous proteins is reviewed. z 1998 Federation of European Microbiological Societies. Published by Elsevier Science B.V.
Introduction
In recent years, many e¡orts have been made to extend the basic knowledge of the secretion pathway in various microorganisms including Streptomyces lividans. Typical for proteins destined for export is the synthesis of a cytoplasmic precursor carrying a signal peptide as an N-terminal secretion promoting sequence. This peptide is cleaved o¡ by a membranebound signal peptidase during or shortly after translocation of the protein across the cell membrane. The signal peptide is supposed to play a role in retarding the folding of the preprotein, in order to keep it in a translocation competent form, and to assist in targeting the preprotein to the cytoplasmic membrane.
Analysis of signal peptide sequences in various organisms has revealed a unique common tripartite structure consisting of an N-, H-, and C-region. Nevertheless, no signi¢cant amino acid homology can be found between various signal peptides. The N-region or cationic amino-terminal region is believed to play an important role in the secretion process by interacting electrostatically with the negatively charged membrane prior to insertion of the signal peptide in the lipid bilayer or a proteinaceous component therein [21, 18] . In addition to this membrane interaction, the positive charge may enhance an interaction with SecA, a principal component of the export pathway, as shown in E. coli [1] . This interaction was promoted as the number of positive charges increased. The positive charges may also contribute to the formation of an essential net dipole along the signal sequence [26] . The H-region, a central hydrophobic stretch, contains apolar amino acids and has a tendency to form an K-helix which facilitates its insertion into the hydrophobic interior of the membrane lipid bilayer. The hydrophobic core is implicated in both membrane association and translocation. It has recently been shown that the N-and the H-region do not function separately but seem to act in an interdependent way as the e¡ect of mutations in one of the two regions can be compensated for by certain changes in the other subunit [11] . Crosslinking and competition studies revealed that the hydrophobic stretch also plays a role in the interaction of preproteins with SecA in the presence of liposomes containing acid phospholipids [15] . The C-region is a short polar carboxyterminal domain which contains the signal peptidase consensus cleavage site (Ala-Xxx-Alas). It generally starts with a residue capable of forming L-turns (e.g. proline or glycine) in order to make the cleavage site more accessible for the signal peptidase. Despite these common features, the composition of the signal peptides of various organisms has statistically significant di¡erences. The average length of Streptomyces signal peptides is 35 amino acids (aa) [8, 16] while that of other Gram-positive signal peptides is 293 1 aa and that of E. coli 24^25 aa. This di¡erence in length is principally due to a longer N-region and to a lesser extent to the presence of extra residues in the H-region. The cationic regions of Streptomyces signal peptides have a mean net charge of +3.5. This is relatively high compared to those of other Grampositives (+2.9) or of E. coli (+2) [27] . This positive charge of streptomycete signal peptides is principally a consequence of the presence of arginine residues instead of lysines.
The last few years, several studies were undertaken, using site-directed mutagenesis, to investigate the importance of these three domains of streptomycete signal peptides. So far, no general overview of all the introduced mutations and their e¡ects was made. The present paper reviews all mutations, published so far, introduced in streptomycete signal peptides in order to get a better understanding of the importance of the signal peptide in secretion in Streptomyces and to compare how signal sequence mutations can a¡ect ¢nal protein yield.
Signal peptide mutations
Tendamistat, a 9-kDa amylase inhibitor of S. tendae is produced as a preprotein with a leader peptide of 30 aa. To analyse the e¡ects of charge variation on homologous tendamistat secretion by S. lividans, its signal peptide was changed in the N-region by oligo-directed mutagenesis [6] . The wild-type charge (+3 due to three arginines in the N-region) was varied from 0 to +5. To obtain a signal peptide with six positive charges, the N-terminal domain of the tendamistat signal peptide of the +5 tendamistat leader peptide mutant was replaced by the N-terminal domain of the XP55 signal peptide of S. lividans. Monitoring secreted tendamistat levels yielded the relative values given in Table 1A . Introduction of extra positive charges signi¢cantly decreased the amount of extracellular tendamistat, without any secretion for the mutant carrying the chimeric signal peptide. On the other hand, a reduction of the charge to +2 doubled the yield of secreted tendamistat. Interesting to note is that mutants with an identical net charge gave clear di¡erences. These observations indicate that not only the total charge but also the place of the positive charge is important in determining ¢nal yield. This relative range was observed in combination with three di¡erent promoters (either tendamistat, ermEup or mel promoter) and in the presence of transcription terminators of aph or tendamistat, although expression levels were 10 times higher when using the ermEup promoter. At the transcription level no in£uence of the signal sequence variation was observed. Even the strain with the defective chimeric signal sequence gave no change in tendamistat mRNA as shown by Northern slot blotting. The amount of tendamistat RNA only depended on the promoter used with expression levels 10 times higher when using the ermEup promoter. As no intracellular pretendamistat was detected for the mutants with a charge from +2 to +6, the authors explained their results, in these cases, as a consequence of a regulation of precursor synthesis together with a coupling of translation and translocation in a way resembling the SRP-dependent cotranslational translocation. Table 1 Overview of Streptomyces signal peptide mutations (only mutations entirely situated in the signal peptide are included) SRP dependent secretion is now also described for some proteins in E. coli and B. subtilis [5] . Further reduction of the charge to +1 or complete removal of positively charged residues resulted in an unexpected release of precursor in the cytoplasm. This was explained by an uncoupling of synthesis and secretion in these particular cases.
The expression and secretion signals of a newly isolated subtilisin inhibitor of Streptomyces venezuelae (VSI) [23] were used e¤ciently for the extracellu- lar production of a heterologous model protein mouse tumor necrosis factor K (mTNF) by S. lividans [12] . The VSI signal peptide is 28 aa long and carries three positive charges (two arginines and one lysine). With the intention of increasing the extracellular mTNF amounts, charge variants of the VSI leader were made. The wild-type charge was varied from 0 to +5 introducing arginine or glutamine residues. As can be seen in Table 1B , all mutants were able to secrete biologically active mTNF and, as in the case of tendamistat, a Gaussian-like curve was obtained around a maximum charge situated at +2. It should be noted, however, that although the +2 mutant was able to secrete more than the wild type, the latter was able to secrete mTNF more e¤ciently.
In contrast to the results of Fass and Engels [6] described above, a variation in mTNF mRNA was observed between the various charge variants. Moreover, this variation correlated with the secretion level of mTNF by the di¡erent mutant strains. It is also noteworthy that precursor protein was present in cell extracts of each of the mutants which may implicate a post-translational translocation or an uncoupling of translation and translocation. An analogous experiment on the secretory production of human interleukin 10 (hIL10) by means of the same VSI signal peptide mutants showed that, in this case, the wildtype signal peptide gave rise to the highest amounts of hIL10 (values between brackets in Table 1B ) (unpublished results). The one-letter amino acid code is used. Lightly shaded = N-region of the wild-type signal peptide (including the arginine cluster of some signal peptides). Medium shaded = H-region of the wild-type signal peptide (starting after the last positively charged amino acid). Dark shaded = C-region (starting with the helix breaking residue and including the SPase cleavage site). O indicates a deletion in the signal peptide. For the signal peptide of the cellulase an extra region is indicated (very dark shaded) as proposed by the authors although this might be part of the propeptide of the protein.
Very similar results were obtained in an experiment in which the S. venezuelae K-amylase [25] signal peptide (28 aa, one arginine and one lysine) was tested in combination with the vsi-promoter for secretion of biologically active mTNF [13] . As can be seen in Table 1C , upon changing the alanine at position 2 to an arginine residue, secretion levels were increased dramatically while other changes led to a decrease in secretion. Also in this case, as observed for the VSI signal peptide, a correlation with the transcript level was found.
A series of esterase (of Streptomyces scabies) leader variants has been constructed by Hale et al. [9] ( Table 1D ). This series contained three mutants with varying N-terminal charge. Deletion of two of the four positive charges resulted in a signi¢cant reduction in esterase secretion. In contrast removing all positive charges gave only a two-to ¢ve-fold reduction. In the hydrophobic core region, deletion of four (LALA or AVAL) or eight amino acids reduced esterase production more than 200-fold and a signal peptidase cleavage site deletion mutant completely abolished esterase production. For all constructs with reduced esterase activity, esterase mRNA levels were also reduced, suggesting that a defect in processing a¡ected transcript abundance.
The Streptomyces griseus K-amylase leader peptide has two positive charges [24] . The mutation (Table  1E ) which increased the positive charge by replacing the ¢rst alanine of the hydrophobic region at position 6 for an arginine is a secretion enhancing mutant. Introduction of a glycine, a helix-disturbing residue, in the H-region had no e¡ect on secretion. Inserting two polar amino acids (threonine and glutamine) disrupted the stretch of amino acids surrounding the cleavage site and abolished secretion. An attempt to enlarge the length of the hydrophobic core by insertion of three extra apolar residues was negative and reduced secretion. Deletion of three alanines was designed as a negative control and worked as expected. No information was given about the in£uence of these mutations on transcription level.
The neutral metalloprotease (Npr) of Streptomyces cacaoi [3] is synthesized as a pre-pro-form with a signal peptide consisting of 34 aa and carrying three positively charged amino acids (two arginines and one lysine). To elucidate whether mutations in the signal sequence would a¡ect secretion or maturation of Npr, ¢ve individual mutations, covering the three domains of the signal peptide, were generated. Secretion of Npr by these mutants was examined both kinetically and quantitatively. All mutants exhibited a decrease in secretory Npr activity. In some mutants the modi¢cations delayed the proteolytic removal of the propeptide and resulted in the accumulation of the unprocessed intermediate in the medium. Moreover, some e¡ect was observed on the cell growth pattern suggesting that the Npr export defect might cause perturbations in the cellular physiology. However, the degree of interference with cell growth was not correlated with the severity of export defect exerted by the respective signal peptide mutations. The same mutant signal peptides were tested for their capacity of secreting the propeptide in the absence of the mature Npr. Results (Table 1F) show that mutations with strong defects in Npr secretion were also most defective in propeptide secretion. An almost completely defective signal peptide was generated by replacing the helix-breaking Pro QH by Leu. This ¢nding con¢rms the hypothesis that a L-turn structure four to six residues upstream of the cleavage site is required for precursor processing [22] . A possible explanation for the e¡ect of two other mutations in the C-region was an altered propensity for generating L-turns by introducing mutations on locations of predicted L-turns. From the observed in£uence on secretion as a consequence of signal peptide mutations, the authors suggest that the introduction of mutations might alter the conformation or hydrophobicity of the signal peptide which, in turn, might a¡ect its insertion into the membrane or its interactions with secretory components.
By the same group [14] , mutations have also been introduced in the MelC1 signal peptide (Table 1G ). The mel operon of Streptomyces antibioticus producing tyrosinase contains two open reading frames (ORFs). MelC1 encodes a 146 aa protein with a signal peptide of 30 aa (three arginines). MelC2 codes for the tyrosinase but has no signal sequence. To investigate whether the export of tyrosinase is dependent on the signal sequence of MelC1, four different mutations were introduced in this signal sequence. These mutants showed that the hydrophobic as well as the basic region each are crucial for secretion of the tyrosinase as well as for the secretion of MelC1. The mutant with a net zero charge in its amino terminus and the one carrying a negatively charged amino acid in its hydrophobic core, showed a dramatic reduction of MelC1 and tyrosinase production and secretion. On the other hand, the alteration of the signal peptidase processing site had only a minor e¡ect on tyrosinase secretion. This is in contrast with the e¡ects mentioned above [3] when an analogous mutation was introduced in the neutral protease preprotein. In this case, an almost complete block in processing and export occurred. This block was explained by the presence of inhibitory secondary structures at the processing site [3] . However, due to the operon structure and the trans-activation of tyrosinase secretion in this case, drawing conclusions on the e¡ect of signal peptide mutations as such is even more complicated.
The signal peptide of the cellulase of Streptomyces KSM-9 [20] is shown in Table 1H . As suggested by the authors it is conceivable that the C-terminal part is the pro-part of the cellulase. The cellulase signal sequence was mutated in order to improve cellulase secretion in S. lividans. However, all modi¢cations resulted in a decreased cellulase secretion except for one. Deleting 8 aa of the amino-terminal region resulted in an increase in secretion with 12%. A similar increase was observed when these 8 aa were deleted in combination with a removal of the complete Argcluster, as compared to a mutant that only missed the Arg-cluster.
Page è et al. [19] investigated the in£uence of di¡er-ent signal peptides on the secretion of S. lividans xylanase A. The signal peptide of xylanase A is 41 aa long and contains two positive charges delivered by one lysine and one arginine. The authors proved, by deleting either the signal peptidase cleavage site or the entire signal peptide, that an intact signal peptide is necessary for xylanase secretion. Both strains were de¢cient in xylanase secretion and intracellular protease activity did prevent accumulation in the cell. In further experiments, the signal peptide was replaced by the signal peptide of xylanase B, xylanase C, mannanase, cellulase A, cellulase B, or acetylxylanesterase, respectively, which are well-secreted enzymes of S. lividans, and also that of E. coli LamB. As can be seen in Table 1I , this approach was successful for the leaders of xylanase B, mannanase, cellulase A and acetylxylanesterase, resulting in levels comparable (or even higher for the acetylxylanesterase) to those obtained by means of the xylanase A signal peptide. In the case of the acetylxylanesterase signal peptide much earlier secretion was obtained. Such an approach might be useful in industrial applications to save fermentation time. The atypical signal peptide of xylanase C was not able to e¤ciently replace that of xylanase A. Even lower yields were obtained for the signal sequence of cellulase B, which might be due to the presence of two minor TTA codons. However, even in the late stationary growth phase no xylanase was found in the medium although at that time the appropriate tRNA should be present. A reduction in secretion of 50% when using the E. coli signal peptide indicates that Gram-negative signal peptides are not very well suited for the Streptomyces secretory pathway [19] . The assumption that the transcript level of xylanase A was una¡ected in each case because of an invariant promoter was con¢rmed by Northern slot blot experiments.
Conclusions
From the current literature overview on the impact of Streptomyces signal peptide mutations, the following conclusions can be drawn although one should keep in mind that each study concerns one particular signal peptide in combination with one particular protein.
Modulating the signal peptide might be a valuable tool to increase production of heterologous proteins in Streptomyces or other hosts but for each combination of signal peptide and protein to be secreted, several modi¢cations should be tested experimentally [12, 13, 6, 20] . In addition, some mutations seem to favour the kinetics of secretion which could be interesting from a time-saving point of view in industrial applications [19] .
Considering the e¡ects of N-terminal charge variation, one can conclude that the presence of the typical positive charges is not absolutely required to achieve export although low or zero positive charges lead to a decrease in protein secretion. This accords with previous reports for other organisms such as E. coli (reviewed by Gennity [7] ) and Bacillus [4] . To our knowledge the only signal peptide that absolutely requires a positive charge (although the net charge might be negative) to direct secretion is that of the levansucrase to direct export of levansucrase by Bacillus [2] . These results suggested that the presence of charged residues, as opposed to the net charge may be important for a functional signal peptide. At the moment, the e¡ect of negatively charged signal peptides on mTNF secretion by S. lividans is being tested. Therefore, subtilisin inhibitor signal peptide mutants are being constructed with three negative charges and four negative charges, respectively, in combination with one positively charged amino acid. Furthermore, it is clear from the study of Fass and Engels [6] that not only the number of positive charges but also their location in the N-region is important in determining ¢nal extracellular yields.
Positive charges in the H-or C-region of the signal peptide are not tolerated except for the Arg-cluster present in some signal peptides between the N-and the H-region [19, 20] . Furthermore, introduction of an uncharged polar amino acid in the H-region or shortening this region always results in a defect in secretion. This indicates that, as is the case for other organisms, a certain degree of uninterrupted hydrophobicity should be maintained in the signal peptide. From their experiments with di¡erent signal peptides, Page è et al. [19] conclude that there is apparently a correlation between the length of the hydrophobic core and the secretion level in S. lividans. As stated by Izard and Kendall [10] in their review about E. coli signal peptides, the hydrophobicity of these hydrophobic core mutants may fall su¤ciently short for the lipid perturbations required for passage of the polypeptide chain not to occur or perhaps a critical interaction in translocation cannot be achieved.
The e¡ect of introducing mutations on the transcript level seems to be a controversial subject in literature. It was also seen for E. coli and Bacillus that signal peptide mutations were introduced that a¡ected both mRNA levels and translation e¤ciency [7, 17] . In other cases no e¡ect was noticed. For Streptomyces signal peptide mutations, Fass and Engels [6] did not observe any variation in tendamistat mRNA amounts while a quite large change in tendamistat secretion was observed. In case of replacement of the xylanase A signal peptide by other leaders [19] , mRNA levels remained invariant as well. Other studies [9, 12, 13 ] revealed a transcriptional effect which seems to be correlated with the secretion levels. In other reports mentioned above the mRNA e¡ect was not assessed. For the di¡erent mRNA amounts in case of some signal peptide mutants, one can suggest several possible explanations such as changes in intrinsic mRNA stability, changes in translation initiation e¤ciency, degradation of the mRNA due to an ine¤cient translation, but further study on this subject is indispensable to unravel the underlying reasons for these observations. As mentioned by Hale et al. [9] , the correlation between protein production, protein secretion and mRNA levels could be consistent with a co-translational or translation-linked model for protein secretion. Such a model was proposed by Fass and Engels [6] as well who did not observe any mRNA e¡ect. In our studies, precursor protein is detected in cell lysates of each of the mutants, in contrast to the results of Hale et al. [9] which makes it di¤cult to ¢t our results in one of these models. We assume that translocation of mTNF happens in a post-translational way. It should be noted, however, that accumulation of precursor is only observed in cases where a heterologous protein is secreted which could be an indication that a certain coupling exists between secretion and translation which can be uncoupled by the presence of non-streptomycete mature proteins or, as in the case of tendamistat signal peptide mutants [6] , by some (drastic) changes in the signal peptide.
